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The prevalence of a-chiral aldehydes as pivotal intermediates
in synthesis and the challenge posed by their stereocontrolled
preparation have attracted increased interest from the
synthetic organic community in the last decades.[1] Amongst
successful examples of asymmetric catalytic reactions leading
to a-chiral aldehydes, the metal-catalyzed hydroformylation
of olefins[2, 3] and a variety of aminocatalytic additions to
aldehydes relying either on enamine or singly occupied
molecular orbital (SOMO) activations have become the
most dominant and inspiring strategies.[4–6] Interestingly,
despite major advances in these areas, very few catalytic
asymmetric approaches enable the preparation of a-chiral
aldehydes possessing a quaternary stereogenic center with
high efficiency and, more importantly, broad diversity.[7]

As part of our ongoing research program aimed at the
stereoselective preparation of chiral aldehydes, we became
interested in identifying strategies that would complement the
catalytic asymmetric isomerization of allylic alcohols[8] and
the catalytic asymmetric hydroboration of terminal olefins[9]

developed in our laboratory. The Pd-catalyzed direct
a–arylation of aldehydes pioneered by Muratake and co-
workers appeared particularly attractive to us because of the
ready access to quaternary stereogenic centers it offers.[10–13]

As a testimony to the hurdles inherent in the development of
asymmetric variants of C�C bond-forming reactions, to date
there is only one example of a Pd-catalyzed enantioselective
intramolecular asymmetric a–arylation of aldehydes. The
observation made by Buchwald and co-workers [14] that
heterotopic (P,N) ligands were superior to homotopic diphos-
phine ligands for this transformation [15] guided our ligand
design. Therefore, we initiated efforts towards the develop-

ment of a new family of C1-symmetric chiral (P,N) ligands
elaborated around the well-established binepine scaffold 1.[16]

Herein, we report the successful application of this new class
of highly modular chiral ligands in the context of the Pd-
catalyzed intramolecular asymmetric a-arylation of
a-branched aldehydes.

The synthetically versatile binepine structure 1 has been
almost exclusively used as a monodentate ligand in a variety
of catalytic asymmetric transformations.[16] C1-symmetric
bidentate scaffolds derived from 1 are the bisphosphine
ligand 3[17] and the bidentate (P,h2-olefin) ligand 4.[18] During
the synthesis of ligands 3 and 4, Zhang and Widhalm
independently established that stereoselective monosubstitu-
tion of protected binepines (1.X!2.X) can be achieved by
deprotonation of the most exposed pseudo-apical benzylic
proton and a subsequent quench with appropriate electro-
philes. Inspired by these precedents, we reasoned that the
introduction of a 2-methylpyridyl unit would readily give
access to 5, a new type of C1-symmetric chelating (P,N) ligand
potentially offering a high level of structural variations
through modular assembly of the P- and N-containing
building blocks. As for 3–4, these ligands would possess
added complexity because of the newly formed stereogenic
centers at the benzylic position and the phosphorus atom
upon monosubstitution. To ensure facile purification, readily
accessible borane-protected binepines 1·BH3 were prepared
according to literature procedures (Scheme 1).[19] Subsequent
deprotonation with tBuLi (2.5 equiv) at �78 8C in THF,
followed by addition of a threefold excess of the appropriate
2-bromopyridyl derivative, furnished 6a–i in moderate to
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good yields after purification by column chromatography.
Whereas 6a and 6b were obtained as a 2:1 mixture of two
separable diastereoisomers (65 % and 71% of combined
yield, respectively), 6c–i were systematically obtained as
single diastereoisomers (39–82 % yield). The relative stereo-
chemistry of each ligand precursor was unambiguously
established by 2D NMR analyses. We attribute the formation
of the minor diastereoisomer (Ra,R,SP)-6a,b to the relatively
similar accessibility of both pseudo-apical benzylic protons in
1·BH3 (R1 = Ph) owing to the small steric bias between the
borane and the phenyl ring. This is particularly evident when
compared to the results obtained with the sterically more
demanding P substituents employed in this study. After
deprotection by refluxing 6a–i in an excess of diethylamine
for few days and removal of the volatiles, ligands 5a–i were
isolated as off-white crystalline solids in good to excellent
yields (70–85%). Unexpectedly, quantitative interconversion
of (Ra,R,SP)-5a,b into (Ra,R,RP)-5a,b by a formal P inversion
was observed during the deprotection event.[20] Subsequent
syntheses of 5a,b were conveniently carried out without prior
separation of the diastereomeric mixtures 6a,b.

The potential of these new atropoisomeric phosphino–
pyridine ligands was evaluated in the challenging a–arylation
of a-branched aldehydes using 7a as a model substrate.
Preliminary investigations consisted of delineating the opti-
mal conditions by varying the most common reaction
parameters using in situ generated catalysts with ligand 5e.
A representative selection of the results obtained is reported
in Table 1. Cyclization product 8a was isolated in modest
yield, but with a promising 66% ee when the reaction was
performed at 80 8C in toluene with Pd(OAc)2 (5 mol %),
chiral ligand (5 mol%), and cesium carbonate (1.2 equiv) as

a base (entry 1). Adjusting the relative stoichiometry between
the different components revealed that a twofold excess of the
ligand with respect to the catalyst gave higher yields of 8a,
whereas the use of two equivalents of the base slightly eroded
the enantioselectivity of the product (entries 2 and 3). Several
Pd0 and PdII precursors were also evaluated because the

Scheme 1. Synthesis of phosphino–pyridine ligands 5a–i. Reagents
and conditions: a) tBuLi, �78 8C to �40 8C; then 2-(bromomethyl)pyr-
idine (R2 = H), 2-(bromomethyl)-6-phenylpyridine (R2 = Me), or 2-(bro-
momethyl)-6-methylpyridine (R2 =Ph), �78 8C to RT, 24 h; b) Et2NH,
80 8C, 4 days. Cy = cyclohexyl.

Table 1: Reaction optimization.[a]

Entry Solvent L* Yield [%][b] ee [%][c]

1 toluene (Ra,R,RP)-5e 25[d] 66 (S)
2 toluene (Ra,R,RP)-5e 60 66 (S)
3 toluene (Ra,R,RP)-5e 29[e] 59 (S)
4 toluene (Ra,R,RP)-5a 17 86 (S)
5 toluene (Ra,R,RP)-5b 23 59 (S)
6 toluene (Ra,R,RP)-5c 10 84 (S)
7 toluene (Ra,R,SP)-5d 9 70 (S)
8 toluene (Ra,R,RP)-5 f 57 22 (S)
9 toluene (Ra,R,RP)-5g <5 n.d.[f ]

10 toluene (Ra,R,RP)-5h 12 96 (S)
11 toluene (Ra,R,RP)-5 i 35 96 (S)
12 DMF (Ra,R,RP)-5 i 60 96 (S)
13 DMF (Ra,R,RP)-5 i 75[g] 96 (S)
14 DMF (Ra,R,RP)-5 i >99[h] 85 (S)
15 DMF (Ra)-A 65[g] 37 (S)
16 DMF (Ra,R)-B 85[g] 16 (R)
17 DMF (Sa,R)-C 90[g] 27 (S)
18 DMF (Ra,S)-D 90[g] 21 (R)
19 DMF (Ra,R)-E 95[g] 12 (R)
20 DMF (Sa,R)-F 99[g] 8 (S)
21 DMF (S)-G 5[g] 51 (S)

[a] Average of at least two independent experiments (0.25 mmol scale).
Standard conditions: Pd(OAc)2 (5 mol%), chiral ligand (10 mol%),
cesium carbonate (1.2 equiv), 80 8C. [b] Determined by 1H NMR.
[c] Determined by GC analysis using a chiral-phase column. Absolute
configuration assigned by analogy with literature data. [d] 5 mol% of
ligand were employed. [e] 2.2 Equivalents of base were employed.
[f ] n.d. = not determined. [g] Yield of isolated product after 48 h.
[h] Reaction performed at 110 8C.
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efficiency to generate the active species plays a key role on
the rate of most cross-coupling reactions. Unfortunately, none
of the other palladium sources surveyed offered a similar
balance between activity and selectivity to that of our initial
choice. Neither did other solvents and bases (See the
Supporting Information). Under optimized conditions (see
Table 1), variation of the ligand structure was next performed
(entries 4–11). Replacement of the tert-butyl group at the
phosphorus atom in ligand 5e by a less-bulky and less-
donating phenyl ring, such as in 5a, led to a net increase in
enantioselectivity while the yield of 8a was substantially
reduced (86% ee, 17% yield, entry 4). The use of an ethyl or
a cyclohexyl substituent did not prove beneficial (entries 6
and 7). The presence of a methyl or a phenyl substituent at the
2-position of the pyridyl unit systematically affected the
activity and, more importantly, the selectivity of the in situ
generated catalyst (entries 5, 8, and 9). In an attempt to
combine the best features of ligand 5a (aromatic P substitu-
ent) and 5e (electron-rich phosphine, sterically demanding
substituent), ligands 5h and 5I, which both contain an ortho-
methoxy substituent and, in the case of 5I, an additional para-
methoxy group, were designed.[21] To our delight, both of
them delivered 8a with unprecedented levels of enantio-
selection, albeit with moderate yields (96% ee, 12% yield and
96% ee, 35% yield, respectively; entries 10 and 11). Suspect-
ing the solubility of the base may be crucial in obtaining
a satisfactory reaction rate, DMF was finally evaluated as
solvent for this cross-coupling reaction.[22] Gratifyingly, the
yield of 8a significantly improved under otherwise identical
conditions (entry 12). When the reaction time was prolonged
to 48 h, 8a was obtained in 75 % yield and 96 % ee (entry 13).
Reactions performed at higher temperatures led to improved
rates, but at the expense of the enantioselectivity
(entry 14).[23]

To further validate our initial ligand design, a comparative
study was conducted using commercially available chiral
(P,N) ligands A–G that have proven successful in a number of
other catalytic asymmetric transformations (entries 15–
21).[15, 24] Although the cyclization product was generally
obtained in good to excellent yields, none of these scaffolds
gave 8a with levels of enantioselectivity comparable to those
obtained with 5 i. Interestingly, ligand G, which was identified
by Buchwald and co-workers as one of the most promising
candidates in their seminal contribution,[14] displayed both
reduced activity and enantioselectivity under our optimized
reaction conditions.

The scope and limitations of the intramolecular
a–arylation of a variety of a-branched aldehydes was next
investigated, employing the new optimal conditions (Table 2).
As one may expect from the reactivity trend of aryl halides in
C�C bond-forming reactions, the use of aryl chloride
precursor 7b gave much lower yield of product while
maintaining a very high level of enantioselectivity (entry 2).
More surprisingly, the corresponding aryl iodide 7c led to
significantly diminished yield of the bicyclic aldehyde
(entry 3). Although further studies are required to elucidate
the origin of this phenomenon, it suggests that iodide may
inhibit the coupling reaction, as recently observed in related
Pd-catalyzed C�N cross-coupling processes.[25] Para substitu-

tion of the aryl bromide moiety with electron-withdrawing or
electron-donating substituents was well-tolerated; products
8b–e were obtained in practical yields with good to excellent
enantioselectivities (entries 4–7). Whereas an a-ethyl sub-
stituent, as in 7h, delivered the product in good yield and high
enantioselectivity (entry 8), the use of a secondary alkyl
substituent (R2 = iPr) had a deleterious effect on both the
activity and the selectivity (entry 9). A six-membered ring
(entry 10) and a product with a phenyl substituent (entry 11)
could be formed quantitatively, albeit with much lower ee
values. Initial efforts to extend this method to an intermo-
lecular process have met with limited success.[26]

Lautens and co–workers have recently demonstrated the
ability of tBu3P to promote reversible oxidative addition into
aryl bromide bonds at the catalytic level in the context of the
palladium-catalyzed selective coupling of polyhalogenated
substrates.[27, 28] Remarkably, when dibrominated substrate 7 l
was subjected to the optimized reaction conditions, the
corresponding mono-brominated product 8 j was obtained in
48% yield and greater than 99 % ee (Scheme 2). No traces of
debrominated 7 l or 8j were observed along with the
remaining unreacted starting material (50 % of recovered
yield for 7 l). Upon increasing the reaction temperature to
110 8C, 8j could be obtained in 87% yield and 99 % ee. This
initial result suggests that ligand 5 i, like tBu3P, allows for
reversible oxidative addition into aryl bromide bonds.

To further investigate whether the aryl bromide bond in 8j
is indeed reactive towards palladium catalysis, cyclization
product rac-8j was prepared independently and subjected to
a series of Suzuki cross-couplings using phenylboronic acid as
a reaction partner. Under prototypical reaction conditions,
using either PCy3 or ligand 5 i, the corresponding product 9j

Table 2: Substrate scope.[a]

Entry 7 X n R1 R2 8 Yield [%][b] ee [%][c]

1 a Br 1 H Me a 75 96 (S)
2 b Cl 1 H Me a 6[d] 98 (S)
3 c I 1 H Me a 15 98 (S)
4 d Br 1 F Me b 66[e] 95 (S)
5 e Br 1 OMe Me c 83 95 (S)
6 f Br 1 CF3 Me d 91 92 (S)
7 g Br 1 Me Me e 52 87 (S)
8 h Br 1 H Et f 80 (>99)[f ] 94 (85)[f ] (S)
9 i Br 1 H iPr g 51 75 (R)
10 j Br 2 H Me h >99 20 (S)
11 k Br 1 H Ph i 99 35 (R)

[a] Reactions performed on a 0.5 mmol scale. Standard conditions:
Pd(OAc)2 (5 mol%), (Ra,R,Rp)-5i (10 mol%), cesium carbonate
(1.2 equiv), DMF solvent, 80 8C, 48 h. [b] Yield of isolated product.
[c] Determined by GC or HPLC analysis using a chiral-phase column.
Absolute configuration assigned by analogy with literature data.
[d] Along with 49% of 7b and 45% of hydrogenolysis product.
[e] Contains 34 % of inseparable 7d. [f ] These values refer to the reaction
carried out at 110 8C.
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could be obtained in excellent yields in both cases [90% and
88% yield, respectively; Eq. (1)]. Furthermore, using ligand
5 i and reaction conditions that closely resemble those used
for the a–arylation reaction (DMF, Cs2CO3, 110 8C), the
cross-coupling product was already isolated in 26% yield,
after only 24 h [Eq. (2)].[29]

To gain preliminary information on the spatial arrange-
ment of the new phosphino–pyridine ligands upon coordina-
tion to palladium, complex 10 i was synthesized in excellent
yields by reacting a stoichiometric amount of ligand 5 i and
[(CH3CN)2PdCl2] in dichloromethane for 2 h. Crystals of
suitable quality for an X-ray diffraction analysis of 10 i were
grown by layering a concentrated solution of dichloro-
methane with hexanes.[30] This complex displays a slightly
distorted square-planar geometry around the palladium
center (P�Pd�N = 93.258) and the six-membered metalla-
cycle adopts a boat-like conformation (Figure 1). The relative
stereochemistry of the two newly formed stereogenic centers
at the C and P atoms is in agreement with the initial NMR
assignment. As expected, the stronger trans influence exerted
by the P donor is evidenced by comparison of the Pd�Cl
distances (Pd�Cl2 = 2.3803(8) � vs. Pd�Cl1 = 2.2907(8) �.
No direct interaction between Pd and the oxygen of the ortho-
methoxy substituent of the aryl ring on phosphorous is visible
(Pd···O = 3.47 �). Anion metathesis using two equivalents of
AgOAc quantitatively converted 10 i into 11 i, a complex of
general formula [(5 i)Pd(OAc)2].

Next, complexes 10 i and 11 i were subjected to the
optimized reaction conditions for the a-arylation of our

model substrate 7a using 5 mol% of catalyst (Scheme 3).
Cyclization product 8 a was obtained in similar yields and
enantioselectivities (54% yield, 94% ee ; 56% yield, 93% ee,

respectively). It appears these well-defined palladium(II)
complexes constitute a viable alternative to in situ generated
catalysts, a method which requires the use of additional free
ligand.[31] Of practical note, unlike the free (P,N) ligand, both
10 i and 11 i are air-stable materials, which simplifies the
experimental setup of the catalytic reactions.

In conclusion, we have described the straightforward
synthesis of a new class of highly modular chiral phosphino–
pyridine ligands articulated around the atropoisomeric bine-
pine scaffold. These ligands, which combine three elements of
chirality, were found to be highly enantioselective in the
notoriously challenging asymmetric a-arylation of aldehydes
for a variety of a-branched substrates. Of particular note is
the observation of a reversible oxidative addition of aryl
bromides under catalytic conditions. This is, to the best of our
knowledge, the first example of a chiral ligand exhibiting such

Scheme 2. Selective intramolecular a-arylation of dibrominated sub-
strate 7 l with ligand 5 i.

Figure 1. Synthesis of two palladium complexes using (Ra,R,RP)-5 i, and
CYL-view representation of (Ra,R,SP)-10 i. Reagents and conditions:
a) [Pd(CH3CN)2Cl2], CH2Cl2, room temperature, 2 h (89% yield).
b) AgOAc, CH2Cl2, room temperature, 1 h (99% yield). Relevant bond
distances [�] and angles [8]: P–Pd 2.2287(8), N–Pd 2.074(3), Pd–Cl2
2.3803(8), Pd–Cl1 2.2907(8); P-Pd-N 93.25(8).

Scheme 3. Intramolecular a-arylation of a model susbtrate 7a using
well-defined complexes 10 i and 11 i.
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behavior and we believe it opens novel perspectives in the
context of asymmetric catalysis. Extension of this method to
an intermolecular variant, further mechanistic studies into the
origin of the reactivity and selectivity of this arylation
reaction, and application of these new chiral (P,N) ligands to
other asymmetric transformations are the focus of ongoing
investigations in our laboratory.
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